Introduction
A mechanical displacement amplifier integrated with a piezoelectric ͑PZT͒ actuator has many applications such as precision stages in biological manipulations and in high-accuracy devices for optical fibers alignments. A PZT actuator is very compact in size and is typically capable of producing a high displacement resolution and low-strain and high-force output ͓1͔. A disadvantage of PZT actuators is their relatively short motion ranges ͑typi-cally about 15-20 m͒ that are not sufficient for many engineering applications. This disadvantage can be overcome by the use of a displacement amplification mechanism. A promising building block of such an amplification mechanism is the compliant mechanism ͓2-6͔. A primary design goal of the amplification mechanism is to achieve a large amplification ratio; this goal may, however, compromise the generated force and natural frequency of the system. Reduction in the generated force may be tolerated as a PZT actuator can provide a large force. Therefore, the more practical design goal of an amplification mechanism is twofold: large amplification ratio and high natural frequency.
In the literature, several proposed compliant mechanical amplifiers ͑CMAs͒ can be found in Refs. ͓7-21͔. A good summary of the existing CMAs can be found from Ref. ͓11͔ , which concluded their limitations such as the presence of a lateral displacement and low natural frequency. In this paper, a new topology, which is based on a symmetric five-bar topology for displacement amplification, is proposed with some advantages over the existing ones.
The remainder of this paper is organized as follows. In Sec. 2, the existing topologies for displacement amplification mechanisms are classified and discussed, followed by the proposed topology. In Sec. 3, the design issues related to the proposed CMA are discussed. In Sec. 4, the performances of CMAs are analyzed and compared using the finite element method ͑FEM͒. In Sec. 5, a prototype of the proposed CMA is shown along with some experimental results. Section 6 draws conclusions.
Topology Synthesis of Mechanical Amplifiers
A topology ͓4,5͔ refers to the connectivity among materials without involving the geometry of a structure, and it includes the fundamental features responsible for the behaviors and the performances of the structure or mechanism. Several topologies for mechanical amplifiers have been reported in the literature ͓7-21͔.
Topology of Buckling Beam.
A long slender beam subjected to an axial compressive force will buckle when the force exceeds a critical value ͓3͔. As shown in Fig. 1 , if the slender beam has an axial deformation ␦ caused by a compressive force, a transverse deflection y will be produced. Based on the buckling principle, several amplifiers were developed in Refs. ͓16,17͔ for different applications. It should be noted that an amplifier based on this topology has a large size compared to others, and another drawback is that the driving force must be large enough in order to produce buckling.
Topology of Lever Arm and Multiple Lever Arms.
The simplest and direct way to amplify the displacement of an actuator or device is the use of a mechanical lever arm ͑Fig. 2͑a͒͒. In this figure and the subsequent figures, pin joints represent flexure hinges, while links represent rigid parts in the system. A lever arm mechanism can achieve a large-displacement amplification ratio if there are no dimension constraints. The main disadvantages of this topology are the presence of a lateral displacement and low stiffness. Based on the lever arm topology, doubled arm structures ͑Fig. 2͑b͒͒ and multiple lever arm amplification devices were developed and extensively used in industrial applications ͓10,11,14,18,19͔ . The limitation of this type of amplifiers is their low natural frequencies of the structures.
Topology of Parallel Four-Bar and Double Symmetric
Four-Bar Structures. To improve the natural frequency or thus the stiffness of mechanical amplifiers, a parallel four-bar structure was proposed ͓20͔. Although the stiffness of this structure can be increased compared to the lever arm structure, the lateral displacement problem still exists, as shown in Fig. 3 .
To eliminate the lateral displacement, double symmetric fourbar structures were proposed, which have found many applications ͓12,13,15,21͔. Figure 4 shows two double symmetric fourbar topologies where Fig. 4͑a͒ is applied to the case where compression of the structure is driven by an actuator, and Fig. 4͑b͒ is applied to the case where the extension of the structure is driven by an actuator. Furthermore, Fig. 4͑b͒ is geared with the PZT actuator characteristics ͑i.e., the extension deformation͒. The bridge displacement amplifier discussed in Ref. ͓11͔ can be viewed as an application of this topology. A CMA based on the double symmetric four-bar topology still suffers from low stiffness and low natural frequency. new topology for displacement amplification based on a symmetric five-bar structure. Generally speaking, a five-bar linkage is a two degree-of-freedom mechanism that can provide a plane motion ͓22͔. If the five-bar linkage is designed to be symmetrical in its configuration, and the two driving links simultaneously rotate in opposite directions driven by one actuator, then the output of the mechanism can be constrained in one direction only. This is the principle of the new topology for displacement amplification. Figure 5 shows a schematic of the symmetric five-bar topology. In Fig. 5͑a͒ the amplifier is used for the case of the compression of an actuator, and in Fig. 5͑b͒ the amplifier is used for the extension of an actuator.
Topology of a Symmetric
The symmetric five-bar topology can be viewed as a combination of a symmetric four-bar topology and a lever arm topology. In particular, in the new topology, the vertical bars are of lever arm structures, and between the two lever arms is a symmetric four-bar structure. There is a solid base on the bottom of the proposed five-bar topology, which can significantly increase the system stiffness. Specifically, the main advantages of this new topology, compared to a double symmetric four-bar topology, are that it has a compact size and possesses high natural frequency and high amplification ratio. Also, there is no lateral displacement due to its symmetric configuration. Transactions of the ASME Suppose that the CMA gets a new configuration indicated by the dashed lines in Fig. 6͑b͒ that occurs when the input links have a relative rotation ␣ caused the input ␦ of the PZT actuator. From   Fig. 6͑b͒ , we obtain the following equations:
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where h is the initial height of the CMA, y is the output displacement, and l i is the length of link i. For the designed CMA, ␦ is of the order of micrometers, and l i is of the order of centimeters, which results in an ␣ that is of the order of microrads. Therefore, we have l 1 − l 1 cos ␣ Ϸ 0. Let k represent the input amplification of the PZT by the lever arm, which is expressed as k = l 1 / l 2 . Therefore, Eqs. ͑2͒ and ͑3͒ can be rewritten as
From Fig. 6͑b͒ , we have h 2 + l 0 2 = l 3 2 . From Eq. ͑4͒, we thus obtain
By solving Eq. ͑5͒, we get
From Eq. ͑6͒, the following conclusions can be drawn. First, the displacement amplification ratio ͑y / ␦͒ will increase with the decrease in the initial height h. Second, a large-displacement amplification ratio can be obtained by using a large input amplification k or a large value of l 0 . Third, the amplification ratio is not constant. Likewise, for the double symmetric four-bar mechanical amplifier shown in Fig. 4͑b͒ , the following equations can be obtained:
where yЈ is the output displacement of the mechanical amplifier.
Solving Eq. ͑7͒ leads to the following equation:
Considering that input ␦ ͑stroke of a PZT actuator, which is about 20 m͒ is sufficiently small compared to l 0 and h, we can demonstrate using Eqs. ͑6͒ and ͑8͒ that y Ͼ yЈ if k Ͼ 2. This means that a displacement amplifier based on a symmetric five-bar topology has a larger displacement amplification ratio than its counterpart, which is based on a double symmetric four-bar topology under the similar configuration of structural parameters.
The stiffness K of a corner-filleted flexure hinge has a significant effect on the displacement amplification and the dynamic characteristics of a CMA, and it can be calculated using the formula given in Ref. ͓23͔, as follows:
where E is the elastic modulus of the material, b and t are the width and thickness of the flexure hinge, l is the length of the corner-filleted flexure hinge, and r is the fillet radius. In Eq. ͑9͒, ␥ =2r / t and f͑␥͒ = ͑2␥ + 1͒͑3␥ 2 + 2␥ + 1͒ + 3␥͑␥ + 1͒ 2 ͱ 2␥ + 1 tan −1 ͑ ͱ 2␥ + 1͒
From Eq. ͑9͒, one can see that the most significant parameter that affects the stiffness of a flexure hinge is the thickness t. The stiffness increases exponentially with the increase in t, and the stiffness is also proportional to the width b of the flexure hinge. In addition, the length l of the corner-filleted hinge has some inverse influence on the stiffness.
Finite Element Analysis of CMAs
To further examine the proposed CMAs, two profiles of flexure hinges are considered, as shown in Fig. 8 , and they are ͑a͒ double asymmetric beam five-bar and ͑b͒ double symmetric beam fivebar, respectively.
The overall dimensions of the four-bar and five-bar CMA structures shown, respectively, in Figs. 7 and 8, are 65ϫ 22 ϫ 10 mm 3 . Some other parameters associated with the flexure hinges are indicated in Fig. 9 ͑unit: millimeters͒. It should be noted that the double symmetric four-bar structure has the same flexure hinges as the two five-bar structures.
The configurations shown in Figs. 7 and 8 are analyzed using the ANSYS software with element 82 ͑a 2D eight-node plane element type͒ to examine the amplification ratio and the natural frequencies. In the analysis, the material properties ͑stainless steel͒ are set as follows: modulus of elasticity E = 2.0ϫ 10 11 N / m 2 , Poisson ratio = 0.285; and density = 8000 kg/ m 3 . For comparison purposes, the following two cases with two different design parameters are considered.
For Case 1, where h is the initial height of the CMA, l and t are the length and thickness of flexure hinges, and d is the gap of two beams. In particular, based on their dimensions, Case 1 can be viewed as a "rigid" structure, while Case 2 as a "flexible" one based on their dimensions. Table 1 lists the results of the amplification ratios, the natural frequencies, and the required input forces of the three amplifications for the two cases. From Table 1 , one can see that the double symmetric beam five-bar structure is better than the double symmetric four-bar structure in terms of the displacement amplification. It is found that the natural frequency of the double symmetric beam five-bar CMA is about 2.45 times that of the double symmetric beam four-bar CMA for Case 1 and 3.6 times for Case 2. For the proposed CMA, there are two parameters h and t that significantly attribute to the displacement amplification ratio and the natural frequency, as listed in Tables 2 and 3. From Table 2 , we can see that the displacement amplification ratio increases with the decrease in h. Such a conclusion can also be derived from Eq. ͑6͒. It is obvious that a less stiff mechanism ͑a small h͒ will likely produce a large-displacement amplification and a low natural frequency. As given in Eq. ͑9͒, the thickness t of the flexure hinge determines the stiffness of the flexure hinge and it has, as shown in Table 3 , significant influences on the displacement amplification and the natural frequency. A smaller thickness of the flexure hinge will provide a large-displacement amplification ratio but a low natural frequency, as shown in Table 3 .
Experimental Verification
Based on the structure discussed in Sec. 4, a prototype CMA made of stainless steel was built using the wire electrical discharge machining method where the dimensions of the prototype are the same as that used for Case 1 discussed in the previous section. In this section, static and dynamic experiments are presented to verify the proposed CMA.
Experimental Setup.
The prototype CMA is shown in Fig. 10 , and several experiments were conducted on it. In the experimental setup, two PZT actuators ͑AE0505D16 by Tokin, each has the maximum stroke of up to 16 m with the maximum output force of 850 N͒ were installed between two driving links. A controller was designed to provide the control signal to an amplifier ͑ENV 400, Piezosystem Jena͒ that was used to supply voltage of about 150 V for the PZT actuators. Strain gauges were glued to two sides of each PZT actuator and acted as a pair to measure the displacement of the PZT actuators. The output displacement of the CMA was captured using an eddy current sensor and recorded by a voltmeter.
For static experiments, a dSPACE hardware was used to form the controller. The PZT actuators were driven by PZT amplifiers through controlling the input voltage. The strokes of PZT actuators were measured by strain gauges and then obtained through A/D converter of the dSPACE hardware. The output displacement of the CMA was captured using an eddy current sensor and recorded by a voltmeter. For dynamic experiments, the PZT amplifiers were directly connected with a signal generator of a dynamic analyzer where a pseudorandom signal was generated, and the response of the CMA was sent to the dynamic analyzer for processing. Figure 11 shows three static experimental results. In these three experiments, the PZT actuators were given a voltage increase of 16 V for each step test. From Fig. 11 , the amplification ratio is found to be about 16.2, which is very close to the FEA result ͑16.8 in Case 1͒. The slight difference may be attributed to experimental noise, calibration errors of the strain gauges, and measurement disturbances of the sensors. In addition to this, the assembly of PZT actuators with the CMA prototype using glue also slightly reduces the experi- Transactions of the ASME mental amplification ratio. From Fig. 11 , one can see that it is not a linear relationship between the input and the output displacements. This nonlinearity can be accounted for from the design equation of Eq. ͑6͒, where ␦ is the PZT displacement and y is the mechanism output. For a precision mechanical amplifier, a high dynamic response is needed. In this study, an HP dynamic analyzer was used to perform the frequency response measurement and analysis for the CMA prototype. From the dynamic experiments, we found that the first vertical mode frequency is about 628 Hz, which approximately coincides with the FEM analysis ͑680 Hz͒. The slight difference perhaps is caused by the use of glue for assembling the PZT actuators and the CMA.
Experimental Results and Discussions.

Conclusion
In this paper, a new topology based on a symmetric five-bar structure for displacement amplification is proposed, and a compliant mechanical amplifier was designed and tested. Finite element analysis was used to study displacement amplification and dynamic behaviors of different compliant mechanical amplifiers. A prototype of CMA was built, and the static and dynamic tests were performed. The results demonstrated that the double symmetric beam five-bar structure has a higher displacement amplification ratio and natural frequency than the double symmetric fourbar structure. It has also been found that two design parameters, the initial height and thickness of the flexural hinge, have significant effects on the amplification ratio and the natural frequency of the system. 
